Abstract Previous studies have shown that individuals responded preferentially to the mark of the top-scent donor relative to that of the bottom-scent donor of an over-mark. However, terrestrial mammals are likely to encounter over-marks consisting of the scent marks of more than two same-sex conspecifics in the intersections of runways, near the nests of sexually receptive female conspecifics, and inside and along the borders of the territories of conspecifics. We determined how meadow voles, Microtus pennsylvanicus, respond to the marks of the top-, middle-, and bottom-scent donors of an over-mark. We tested the hypothesis that voles exposed to an over-mark will respond preferentially to the scent marks that were deposited more recently, the scent marks that were on top or near the top of the over-mark, compared to the scent marks that were deposited earlier or near the bottom of the over-mark. Voles spent more time investigating the mark of the top-scent donor than that of the either the middle-or bottom-scent donor. However, males but not female voles spent more time investigating the middle-scent mark than the bottom-scent mark. We also tested the hypothesis that voles evaluate and respond to over-marks differently from single scent marks. Voles spent more time investigating the marks of the top-, middle-, and bottom-scent donors compared to scent marks that were not part of the over-mark. Voles can distinguish among the overlapping scent marks of three scent donors and sex differences exist in the values they appear to attach to each of these scent marks [Current Zoology 57 (4): [441][442][443][444][445][446][447][448] 2011].
Terrestrial mammals typically deposit their scent marks on prominent objects or along paths that are shared with conspecifics (Ewer, 1968; Brown and Macdonald, 1985) . Therefore, individuals will enter areas that contain over-marks that are comprised of scent marks from two or more same-sex conspecifics. Over-marks may be a signal that provides particular information about the top-and bottom-scent donors to individuals that encounter these marks, which may affect how they respond to these donors. For example, after exposure to an over-mark, pygmy lorises Nycticebus pygmaeus, golden hamsters Mesocricetus auratus, prairie voles Microtus ochrogaster, and meadow voles M. pennsylvanicus, responded preferentially to the mark of the top-scent donor relative to that of bottom-scent donor (Johnston et al., 1994 (Johnston et al., , 1995 (Johnston et al., , 1997a Fisher et al., 2003) . Over-marks may be akin to an olfactory snapshot of an interaction between the top-and bottom-scent donors, which allows eavesdroppers an opportunity to compare the two scent donors (Johnston et al., 1995; Valone and Templeton, 2002; Valone, 2007; Vlautin et al., 2010) . For example, the bottom-scent donor may represent an individual that may no longer be present in the area, whereas the top-scent donor may still be nearby (Wolff et al., 2002; Johnston, 2003) . Alternatively, by nature of its position in the over-mark the top-scent donor may be dominant or higher in quality than the bottom-scent donor (Rozenfeld et al., 1987; Rich and Hurst, 1998, 1999; Ferkin and Pierce, 2007) . A preference for the top-scent mark, as indicated by greater investigation time , suggests that animals exposed to same-sex over-marks behave as if they have a placed a higher value on information contained in the top-scent mark relative to that placed on the bottom-scent mark (Woodward et al., 1999) .
Currently, all of the studies that have examined the responses of animals to over-marks have focused on how individuals responded to the top-and bottom-scent donors of an over-mark created by two conspecifics (reviewed in Ferkin and Pierce, 2007) . Most terrestrial mammals, however, are likely to encounter the overmarks of more than two conspecifics in the intersections of runways, near the nests of sexually receptive female conspecifics, and inside and along the borders of the territories of conspecifics (Gosling, 1982; Brown and Macdonald, 1985; Gosling and Roberts, 2001; Ferkin and Pierce, 2007) . We determined how meadow voles respond to the overlapping scent marks from three different conspecifics of the same sex: the top-scent donor, the bottom-scent donor, and the middle-scent donor.
We used meadow voles as the focal species to address this issue because previous work showed that male and female voles did not differ in how they responded to the marks of the top-and bottom-scent donor of a same-sex over-mark; when the quality of the two donors was similar, voles responded preferentially to the mark of the top-scent donor (Johnston et al., 1997a, b; Ferkin et al., 1999; Woodward et al., 1999) . We also studied meadow voles because their responses to over-marks to conspecifics are associated with their space use . Male meadow voles occupy large home ranges that encompass the territories of one or more females. Female meadow voles are territorial and maintain mutually exclusive territories (Madison, 1980a) . In nature, male and female voles encounter the scent marks of multiple conspecifics as they move through their home ranges (Madison, 1980b) . Same-sex voles have few direct encounters with one another (Dewsbury, 1990) . Most interactions, between conspecifics are indirect and involve responding to the scent marks and over-marks that they encounter (Ferkin et al. , 2011 .
We devised three experiments that measured the responses of voles to the scent marks of the top-, middle-, and bottom-scent donors after male and female subjects were exposed to an over-mark. In experiments 1 and 2, we tested the hypothesis that voles exposed to an over-mark will respond preferentially to the scent marks that were deposited more recently, the scent marks that were on top or near the top of the over-mark, compared to the scent marks that were deposited earlier or near the bottom of the over-mark. In experiment 1, we predicted that meadow voles will spend more time investigating the top-scent mark to the middle-scent mark, the top-scent mark to the bottom-scent mark, and the middle-scent mark to the bottom-scent mark. In experiment 2, we predicted that the investigation time of voles will decrease in order for the top-, middle-, and bottom-scent marks. In experiment 3, we tested the hypothesis that voles evaluate and respond to over-marks differently from single scent marks. We predicted that voles will respond preferentially to the top-, middle-, and bottom-scent marks of an over-mark compared to scent marks that were not part of the over-mark. The results of these experiments will show whether meadow voles distinguish among the overlapping scent marks of more than two scent donors and whether they attach different values to the scent mark of each donor, depending on the position of its scent mark in the over-mark. Such information could be used by meadow voles, which mate with multiple partners (Boonstra et al., 1993; Berteaux et al., 1999) to compare the features of opposite-sex conspecifics signaled by their scent marks (Johnston, 1983; Roberts, 2007) to assess and choose potential mates ( Ferkin, 2001; Ferkin and Pierce, 2007; Ferkin et al., 2011 ). Cages contained cotton nesting material, water, and food (Harlan Teklad Rodent Diet, #8640, Madison, WI, USA). Meadow voles were housed in the animal facility at the University of Memphis. Female meadow voles are induced ovulators and do not undergo regular estrus cycles (Milligan, 1982; Keller, 1985) . Adult female voles born and reared in long photoperiod are sexually receptive (Meek and Lee, 1993) . Long-photoperiod meadow voles respond preferentially to the scent marks from opposite-sex conspecifics . Voles used in this study were 5-7 mo-old, sexually mature, and were not sexually experienced. Subjects and scent donors were not closely related (not sibs, offspring, first cousins, or aunts and uncles) and subjects were not exposed to the over-marks of scent donors that were related. In addition, subjects were tested only once and not used as subjects in the other two experiments.
Our experimental design involved two phases, the exposure phase and the test phase, both of which took place in the subjects' home cages. This exposure-testing procedure matches those used elsewhere (Ferkin et al., , 2011 Ferkin, 2007 Ferkin, , 2010 Woodward et al., 1999 Woodward et al., , 2000 . All testing was carried out between 09: 00 and 12: 00 h CST.
Exposure phase
During the exposure phase of this experiment, 45 male and 45 female subjects were presented with a same-sex over-mark, the overlapping scent marks from three different conspecifics. Male and female subjects were exposed to an over-mark in which the top-, the middle-and the bottom-scent donor were an opposite-sex conspecific. Prior to the exposure phase, the subjects were not familiar with their scent donors.
We used the feces traces from three different conspecifics to create the over-mark. To do so, we collected fresh fecal boli from each scent donor before each exposure. One or two fecal boli from the first scent donor were dragged across the center of a glass microscope slide (Fisher Brand, 2 .5 × 7.6 cm 2 ) using a sterile cotton applicator. Five min later, a similar amount of the feces from a second scent donor was dragged over the top of the previously deposited scent mark, such that the two marks overlapped, and the resulting configuration was a "+" shape. Five min later, a similar amount of the feces from a third donor was dragged over the top of the previously deposited scent marks, such that the three marks overlapped, and the resulting configuration was a "*" shape. Each feces scent mark was approximately 0.4-0.5 cm in length and 0.1-0.2 cm in width. Thus, we were able to control for the size of the scent marks Woodward et al., 2000) . After the third scent mark was placed on the slide, it was placed into the subject's home cage against the wall opposite the subject's nest. The slide was suspended 2 cm above the substrate by a clean metal clip and hook. Subjects were exposed to this slide for 5 min. This slide was placed in the cage of only one subject and then discarded after the exposure phase was completed; the exposure slide was not used during the test phase. In all observations, the observer was blind to the identity of the top-, middle-, and bottom-scent mark donors.
Test phase
The test phase began 5 min after completion of the 5-min exposure phase and followed the methods used in previous over-marking studies Ferkin, 2007 Ferkin, , 2010 Woodward et al., 2000) . We presented male and female subjects used in the exposure phase of this experiment with a glass slide (2.5 × 7.6 cm 2 ) that contained the feces scent marks from two of the scent donors that provided a scent mark during the exposure phase. To deposit the scent marks on the slide, we dragged one or two fresh fecal boli from one scent donor across the left side of a clean glass microscope slide and one or two fecal boli from the other scent donor across the right side of the same slide . One min separated the deposition of the scent marks from the two donors on the slide. The scent marks were roughly the same size, approximately 1.2 cm × 0.3 cm (l x w). After both scent marks were placed on the slide, we waited 5 min before we suspended the slide in the home cage of the subject. The observer was blind to the left-side or right-side position of the donors' scent marks on the slide. Each test slide was used once and then discarded. The subjects were allowed 3 min to investigate the scent marks from one of the following three pairings: a) the marks of the conspecifics that provided the top-and bottom-scent mark during the exposure, b) the marks of the conspecifics that provided the top-and middle-scent mark during the exposure phase, or c) the marks of the conspecifics that provided the middle-and bottom-scent mark during the exposure phase; there were 15 different male and 15 different female subjects tested in each group (a-c). One scent mark was placed on the left side of the slide and the other scent mark was placed on right side of slide; the placement of a particular donor's scent mark on the left or right side of the slide was counter balanced. The middle section of the slide contained no scent marks. Previous work has shown that during the test phase, the position of the scent mark on the right or left side of the slide did not affect the investigation time of voles (Ferkin et al., , 2011 .
Specifically, we recorded the amount of time that male and female subjects licked or sniffed (the subject's nose came within 2 cm) each scent mark on the slide Ferkin, 2007 Ferkin, , 2010 Woodward et al., 1999 Woodward et al., , 2000 . Subjects had to have investigated the scent marks from both donors and spend more time investigating their scent marks than they did investigating the clean portion of the slide to be included in the data analysis Ferkin, 2007 Ferkin, , 2010 Woodward et al., 1999 Woodward et al., , 2000 . The data were analyzed by using a two-way ANOVA with a repeated measure with position of the scent marks as a within-subjects factor and the main factors being sex of the subject and the position of the scent mark in the over-mark. We used the Holm-Sidák method to identify significant differences in investigation times across the multiple paired comparisons. The data were analyzed using SigmaPlot 11.0 (Sokal and Rohlf, 1995) . Significant differences were accepted at P < 0.05.
Experiment 2
We determined if voles prefer, in descending order, the mark of the top-scent donor to that of the middlescent donor to that of the bottom-scent donor. We presented the 15 male and 15 female subjects used in the exposure phase of this experiment with the scent mark from top-, middle-or bottom-scent donors on either the left side of the slide, the right side of slide, or the center portion of the slide. There were three scent marks placed on the slide. The scent mark that was on the right side and the scent mark that was on the left side of the slide were 2.5 cm away from the scent mark that was placed on the center of the slide. We used a counter-balanced design to assign the placement of the mark of the top-, middle, and bottom-scent donor on the right side, left side, or center of the slide. Subjects had to have investigated the scent marks from each of the three donors during the test phase to be included in the data analysis. The criteria for investigation and the statistical analyses matched those detailed in experiment 1.
Experiment 3
We determined whether voles prefer the marks of the top-, middle-, and bottom-scent donors when they were compared to the scent mark from a conspecific that was not part of the over-mark, a scent mark from a novel donor.
During the test phase, the 42 male and 42 female subjects used in the exposure phase of this experiment were allowed to investigate the scent marks from one of the following three pairings: a) the mark of the conspecific that provided the top-scent mark during the exposure and the mark of novel donor, b) the mark of the conspecific that provided the middle-scent mark during the exposure phase and the mark of the novel donor, or c) the mark of the conspecific that provided the bottom-scent mark during the exposure phase and the mark of a novel donor. There were 14 male and 14 female subjects tested in each pairing (a-c).
To create the test slide, one scent mark was placed on the left side of the slide and the other scent mark was placed on right side of slide; the placement of a particular donor's scent mark on the left or right side of the slide was counter balanced. The middle section of the slide contained no scent marks. The criteria for investigation and the statistical analyses matched those detailed in experiment 1.
Results

Experiment 1
Subjects investigated the scent marks from both donors and spent more time investigating their scent marks than they did investigating the clean portion of the slide. Thus, no subjects were excluded from the data analysis in this experiment. We found that after exposure to an over-mark, the amount of time that subjects later spent investigating the top-, middle-and bottom-scent mark donors was affected by the sex of the subject (F 1, 89 = 5.38, P = 0.023) and by the position of the scent donor's mark in the over-mark (F 5, 89 = 7.3, P = 0.001). There was a significant interaction between the main effects (F 5, 79 = 3.11, P = 0.012). Post hoc multiple comparisons revealed that female (Fig. 1A) and male (Fig. 1B) voles spent more time investigating the mark of the donor that provided the top-scent mark during the exposure phase than that of the donor that provided the bottom-scent during the exposure phase (both sexes, Holm-Sidák method, P < 0.05). Female and male subjects spent more time investigating the mark of the top-scent male donor than the middle-scent male donor (each comparison, P < 0.05, Fig. 1a, b) . Female subjects spent similar amounts of time investigating the mark of the middle-scent male donor and the bottom-scent male donor (P > 0.05; Fig. 1a ). Male subjects, however, spent more time investigating the mark of the middle-scent donor and that of the bottom-scent donor (P < 0.05; Fig. 1B) . Fig. 1 The amount of time (mean ± SEM) that (A) female and (B) male meadow voles spent investigating the top-scent mark versus the bottom-scent mark, the top-scent mark versus the middle-scent mark, and the middle-scent mark versus the bottom-scent mark after they were exposed to an over-mark of three different scent donors
The scent donors were the opposite sex of the subjects. * indicates a statistical difference in investigation time between scent-mark pairings (P < 0.05; multiple paired comparisons, Holm-Sidák Method).
Experiment 2
No subjects were excluded from the data analysis in this experiment. We found that after exposure to an over-mark, the amount of time that subjects subsequently spent investigating the top-, middle-and bottom-scent mark donors was not affected by the sex of the subjects (F 1, 89 = 1.744, P = 0.197), but was affected by the position of the scent donor's mark in the over-mark (F 2, 89 = 43.792, P = 0.0001). There was no significant interaction between the main effects (F 2, 79 = 1.104, P = 0.339). Post hoc multiple comparisons revealed that during the test phase, subjects spent more time investigating the mark of the conspecific that provided the top-scent mark than the mark of the of the conspecific that provided the middle-scent donor (P < 0.05; Fig. 2 ) and the mark of the top-scent donor than that of the bottom-scent donor (P < 0.05; Fig. 2 ). Male voles also spent more time investigating the scent mark from the middle-scent female than that of the bottom-scent female (P < 0.05; Fig. 2 ), but female voles spent similar amounts of time investigating the mark of the middle-scent male and the bottom-scent male (P > 0.05; Fig. 2 ). Fig. 2 The amount of time (mean ± SEM) that female and male meadow voles spent investigating the top-scent mark versus the middle-scent mark versus the bottom-scent mark after they were exposed to an over-mark of three different scent donors
The scent donors were the opposite sex of the subjects. Histograms capped with different letters indicate a statistical difference in investigation time (P < 0.05; multiple paired comparisons, Holm-Sidák Method).
Experiment 3
No subjects were excluded from the data analysis in this experiment. After exposure to an over-mark, the amount of time that subjects later spent investigating the top-, middle-and bottom-scent mark donors was not affected by the sex of the subject (F 1, 83 = 0.255, P = 0.61), but was affected by the position of the donor's scent marks in the over-mark (F 5, 83 = 5.03, P = 0.0004). There was no significant interaction between the main effects (F 5, 83 = 0.87, P = 0.50). Female (Fig. 3A) and male (Fig. 3B ) subjects spent more time investigating the mark of the donor that provided the top-scent mark during the exposure phase than that of the novel donor (both sexes, P < 0.05; Fig. 3A, B) . Males and females also spent more time investigating the mark of the middle-scent donor than that of the novel donor (both sexes, P < 0.05; Fig. 3A, B) . Female and male voles also spent more time investigating the mark of the bottom-scent donor than that of the novel-scent donor (both sexes, P < 0.05; Fig. 3A, B) . Fig. 3 The amount of time (mean ± SEM) that (A) female and (B) male meadow voles spent investigating the top-scent mark versus a novel-scent mark, the middle-scent mark versus a novel-scent mark, and the bottom-scent mark versus a novel-scent mark after they were exposed to an over-mark of three different scent donors Novel scent marks were provided by donors that were not part of the over-mark. The scent donors were the opposite sex of the subjects. * indicates a statistical difference in investigation time between scent-mark pairings (P < 0.05; multiple paired comparisons, Holm-Sidák Method).
Discussion
After exposure to three overlapping scent marks, male and female voles spent more time investigating the mark of top-scent donor to that of the middle-scent donor and the mark of the top-scent donor to that of the bottom-scent donor. The findings of our three experiments are consistent with previous studies showing that voles display a preference for the top-scent mark, the most recently deposited scent mark in an over-mark Woodward et al., 1999 Woodward et al., , 2000 . The results of experiments 1 and 2 also support and extend the view that voles behave as if the information provided by the top-scent mark may be of greater value than that provided by the scent marks that it overlaps (Ferkin, 2001; Ferkin and Pierce, 2007) . Our results, however, also show that the voles' response to the value of the information contained in the marks of the middleand bottom-scent donors differed between the sexes. The fact that male, but not female voles, spent more time investigating the scent mark of the middle-and bottom-scent donors suggests that the information conveyed in the middle-and bottom-scent marks to investigating males has somehow been devalued relative to the scent mark placed on top of it (Ferkin and Pierce, 2007) . A similar conjecture was offered by Woodward et al. (1999) and Ferkin et al. (2005 Ferkin et al. ( , 2008 Ferkin et al. ( , 2011 to account for their finding that depending on the donor of the over-marking scent mark, male and female voles differed in their response to the scent mark that was over-marked.
Functionally, sex differences in the manner in which male and female meadow voles respond to the scent mark of the and middle-and bottom-scent donors may in part be due to sex differences in their space use and social behavior. Female meadow voles tend to be residents in a fixed, relatively small space (Madison, 1980a, b) , and males may enter these territories to seek out potential mates (Dewsbury, 1990; Boonstra et al., 1993; Spritzer et al., 2005) . Being able to discriminate between the marks of the top-, middle-, and bottom-scent females may allow males to more easily distinguish territory holders from transients (Woodward et al., 1999) . It is likely that the female that provides the bottom-scent mark is no longer present in that area, whereas the females that provide the top-or middle-scent mark are more likely to be nearby (Wolff et al., 2002; Ferkin and Pierce, 2007) . Females that are territory holders have higher fitness than do females that do not hold territories (Ims, 1987; Wolff, 1993) . Thus, males spend more time investigating the scent marks of the top-and middle-scent females because these females may provide the male with greater reproductive success relative to the bottom-scent female. Female voles, on the other hand, may only need to discriminate between males that are nearby and males that may have moved on (Wolff et al., 2002; Spritzer et al., 2005) . Presumably, the male that provides the top-scent mark may still be present, whereas the males that provided either the middle-or the bottom-scent marks may no longer be present (Woodward et al., 1999; Wolff et al., 2002) . Alternatively, position of a male's scent mark in the over-mark may be a signal that provides females with information about features of that male relative to that of the other male donors (Ferkin and Pierce, 2007; Ferkin et al., 2010 Ferkin et al., , 2011 . The top-scent male may be of higher quality relative to the middle-and bottom-scent male donors (Rozenfeld et al., 1987; Rich and Hurst, 1998, 1999; Ferkin, 2007) . However, we may be able to rule out the differences in quality explanation in that males in the present study males were similar in age, size, and diet, features of a male's quality (Roberts, 2007; Hobbs et al., 2008; Ferkin, 2010) .
In experiment 3, we determined how meadow voles respond to the marks of the top-, middle-, and bottom-scent donors when compared to the scent marks from a conspecific that was not part of the over-mark (novel donor). In doing so, we tested the hypothesis that voles evaluate and respond to over-marks differently from single scent marks. Female and male voles preferred the marks of the top-, middle-, and bottom-scent donors to the scent marks of a donor that did not contribute to an over-mark (a novel donor). This preference is similar to the one reported for male and female meadow voles and prairie voles when they spent more time investigating the mark of the top-and bottom-scent donor than that of the novel-scent donor of a same-sex over-mark (Woodward et al., 1999) . Our data support and extend the view that some terrestrial mammals treat over-marks and single scent marks as if they signal different information (Johnston, 2003; Hurst and Beynon, 2004; Ferkin et al., 2010 Ferkin et al., , 2011 , and that the mark of a novel conspecific has a lower value attached to it relative to the scent marks that were part of an over-mark (Woodward et al., 1999 (Woodward et al., , 2000 Ferkin, 2001) . The results also indicate that the top-scent mark may act to devalue the importance or salience of middle-and bottom-scent marks, suggesting that the top-or more recent scent marks do not inhibit or block individuals from accessing information signaled by the middle-and bottom-scent marks (Ferkin and Pierce, 2007) . In this way the over-mark may serve as an "olfactory bulletin board" that individuals can use to gain up-to-date information about the scent donors of an over-mark (Johnston et al., 1994; Woodward et al., 1999 Woodward et al., , 2000 Johnston, 2003) , with which individuals can directly compare features of scent donors that may not be possible if individuals encountered the scent marks of these donors separately (Ferkin, 2001; Ferkin et al., 2010 Ferkin et al., , 2011 . In contrast, single marks may provide less comparative information about social status, hierarchies and relationships, but they might allow individuals to learn about the condition and identity of a particular scent donor (Johnston, 1983; Gosling and Roberts, 2001; McClintock, 2002; Roberts, 2007) .
